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Background: Changes describing digital and forearm circulation after radial artery
harvest have been reported infrequently.
Methods: This prospective study examined digital perfusion and forearm collateral
circulation preoperatively and postoperatively in patients who underwent coronary
artery bypass grafting with radial artery free grafts. Noninvasive evaluation was
conducted with digital photoelectric plethysmography and color flow and pulsed
Doppler studies.
Results: Thumb perfusion index decreased from 1.25 to 0.84 (30%, P < .001) in the
unoperated extremities and from 1.23 to 0.80 (36%) in the operated extremities (P
< .001). Doppler studies in extremities after radial artery harvest demonstrated an
increase in ulnar artery diameter from 3.87 to 4.66 mm (15.7%, P < .001) and a rise
in ulnar blood flow velocity from 38.96 to 48.46 cm/s (17.4%) preoperatively to 8
weeks postoperatively (P < .001). No hand ischemia was noted.
Conclusions: Our study identified a mild reduction in digital perfusion and an
increase in ulnar artery flow velocity and diameter with no clinical sequelae or com-
promise in hand function after radial artery harvest in properly selected patients.
Little information has appeared in the literature describing changes inforearm and digital circulation after radial artery (RA) harvest.1-3Revival of RA use by Acar and associates4 has elicited a resurgencein the use of the RA as a bypass conduit. In the current surgical erathere has been one report of ischemia of the hand. This case wasreported twice.5,6 Fear of development of inadequate collateral cir-
culation may limit harvesting of the RA. Inadequate collateral circulation can result
in complications, such as sensitivity to cold-induced reduced grip strength, claudi-
cation, digital ulcerative lesions, and ultimately amputation as a result of arterial
insufficiency.7-10 Accordingly, to determine the short-term effects of the loss of the
RA’s contribution to hand perfusion, we prospectively examined quantitative and
qualitative forearm and digital circulation preoperatively and postoperatively in
patients who underwent coronary artery bypass grafting with RA conduits.
Subjects and Methods
Informed consent for RA harvest was obtained preoperatively from all patients. A total of
389 patients were evaluated for RA harvest, with 305 (78%) patients undergoing RA harvest.
At the time of hospital discharge, follow-up procedures used in this protocol were explained
to all patients who underwent RA harvest. Operated arms were defined as those upper
extremities from which the RA was harvested; unoperated arms were defined as those upper
extremities from which the RA was not harvested. Seventy-eight patients who underwent
bilateral harvesting were included in this study. RA harvest was performed by the senior
author (R.F.B.).
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Evaluation Procedures
Preoperative testing performed on the first consecutive 100
patients in this study who had coronary artery bypass grafting with
an RA free graft included photoelectric plethysmography with a
calculated perfusion index (PI; modified Biox model 3700 pulse
oximeter; Datex-Ohmeda, Louisville, Colo) to determine whether
adequate collateral circulation was present and color flow and
Doppler studies to prospectively evaluate changes in the collateral
vessels within the forearm before and after RA harvest. The
remaining 289 patients underwent screening for adequate collat-
eral circulation alone by using the PI studies. At the initiation of
the study, RA harvest was from the nondominant arm. Therefore,
only this arm was evaluated. After the 25th patient, if the study
result was positive (indicating inadequate collateral flow), the
dominant arm was evaluated, and if adequate collateral circulation
was present, the dominant arm was used for RA harvest. After the
60th patient to undergo RA harvest, the PI was performed, preop-
eratively and postoperatively, on both upper extremities. Thus, 26
(13%) patients with unilateral harvest included in this study did
not have a PI generated for their unoperated arms.
Timing of Studies
Postoperative testing duplicated the patients’ preoperative testing
protocol. Color flow and pulsed Doppler scanning (Acuson 128
Cardiovascular System; Acuson, Inc, Mountainview, Calif) of the
RAs and ulnar arteries (UAs) was also performed. Preoperative
testing, regardless of the studies performed, took place at any time
before the surgical procedure but in general was performed 1 to 3
days before the operation. Postoperatively, photoelectric plethys-
mography was performed approximately 4 to 5 weeks after the
operation, whereas postoperative Doppler evaluations were sched-
uled 8 to 10 weeks after surgical intervention.
Description of Studies Performed
Photoelectric plethysmography yielding both an oxygen saturation
(SpO2) and a calculated PI was performed with a modified pulse
oximeter.11 The modified oximeter’s digital probe was applied to
the thumb, ensuring that the photoelectric sensor was correctly
positioned over the nail bed, and a blood pressure cuff was applied
to the arm. A baseline reading of the SpO2 and the perfusion to the
thumbnail bed was obtained. The RA was located by means of pal-
pation, and the blood pressure cuff was inflated to 200 mm Hg
until the PI indicated approximately zero flow. The RA was com-
pressed manually at the wrist, blood pressure cuff inflation was
released, and compression of the RA was maintained for a period
of approximately 45 seconds. Flow to the hand with RA occlusion
is through the UA. After 45 seconds, the PI and SpO2 levels were
recorded. The compression of the RA was released, the UA was
located at the wrist, the blood pressure cuff was reinflated to 200
mm Hg, and UA was compressed. After 45 seconds, the PI and
SpO2 were recorded. The procedure was then repeated on the con-
tralateral arm. This protocol was used in an effort to duplicate
somewhat what happens during the modified Allen test, interrupt-
ing blood flow to the hand, but our protocol does not require
patient cooperation and does not disturb the digital sensor. The
ratio of the PI with the RA occluded and the PI with no occlusion
(baseline) was used as an index of blood flow to the hand inde-
pendent of RA flow; this is the perfusion index ratio (PIR). The
PIR with the RA occluded is indicative of the flow primarily
through the UA. The criterion we used for a negative study indi-
cating that RA harvesting would be safe was a ratio of 40% or
greater.12,13 Preoperative studies evaluated the contribution of both
the RA and UA to thumb perfusion and SpO2. In the operated arms
postoperatively, only the UA contribution could be assessed,
whereas in the unoperated arms, both the contribution of the RA
and that of the UA could be assessed.
Color flow and pulsed Doppler scanning were used to deter-
mine both the lumen diameter and flow velocities, respectively.
The Doppler studies were performed by a 7.5-MHz phased array
transducer. The Doppler beam, ranging from 3 to 10 MHz, is emit-
ted from a ceramic crystal in the transducer head. The distal RAs
and UAs were bilaterally evaluated for internal diameter and flow
velocities at a point just proximal to the wrist crease. Cardiac mon-
itor dots (Red Dot, model 2239; 3M Company, Medical Device
Division, St Paul, Minn) were applied to the patient, and the
patient was connected to the electrocardiography monitor of the
Doppler machine. All recordings were made in systole as noted by
the onset of the QRS complex from the electrocardiography trac-
ings. Aqueous gel (Aquasonic 100; Aquasonic Parker Laboratory,
Orange, NJ) was applied on the transducer head, and the probe
was positioned at a 60° angle to the volar aspect of the forearm.
Once the arterial signal was detected, the image was frozen on
screen, and the diameter was calculated with internal calipers.
Flow was determined by relocating the artery and toggling the
pulse-velocity switch. Internal calipers were used to measure the
flow velocities obtained. Preoperative studies evaluated both
the RAs and UAs bilaterally. Postoperatively, the UA diameter and
flow velocity were calculated in the operated arm or arms, and
both the RA and UA diameters and flows were obtained in the
unoperated arms.
Postoperative clinical evaluation included examination for
compromise in hand function, including strength, grip, ability to
perform fine motor function, and hand ischemia.
Analysis of the data was performed with SPSS for Windows,
version 6.1 (SPSS, Inc, Chicago, Ill). Means, SDs, and ranges
were calculated. Data were compared with paired t tests. The
unoperated arms from patients with unilateral RA harvest served
as controls.
Results
Of the 193 patients who had both preoperative and postop-
erative testing, there were 151 (78.2%) male and 42
(21.85%) female patients. Seventy-eight (40.4%) patients
underwent bilateral RA harvest. The mean ± SD age was
60.27 ± 10.52 years (range, 1-88 years); mean ejection frac-
tion was 58.89% ± 14.27% (range, 10%-85%). There was a
mean of 3.27 ± 0.95 bypass grafts per patient, with 1.61 of
these grafts fashioned from the RA. Mean body surface area
was 1.94 ± 0.2 m2. Mean cardiopulmonary bypass time was
90.45 ± 35.14 minutes; mean crossclamp time was 58.84 ±
26.21 minutes.
There was a statistically significant increase in the preop-
erative to postoperative SpO2 in the unoperated extremities,
from 95.09% to 96.13% (n = 98, P < .001), and a corre-
sponding statistically significant change in the operated arms
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of 94.99% to 95.78% (n = 223, P < .001). There was no sig-
nificant difference in the baseline preoperative SpO2 or in the
postoperative values between unoperated and operated arms
(n = 110). These statistical differences do not translate into
clinical significance because all saturations, preoperatively
and postoperatively, in both operated and unoperated arms,
are within the normal physiologic range of 92% or greater.
The results for the PI are summarized in Table 1. There
was no difference in the baseline preoperative PI of the
unoperated and operated extremities (n = 87) and in the post-
operative baseline flows (n = 115). A significant difference
existed between the calculated preoperative PIRs during RA
occlusion between the unoperated and operated extremities,
measuring 0.65 and 0.77, respectively (P = .001), when all
patients evaluated were included. However, when the value
for the unoperated patients who had positive results are
removed, there is no difference in the baseline ratios during
RA occlusion (PIR of 0.75 for the unoperated arms and 0.76
for the operated arms, P = .658). There was no difference in
the PIR during UA occlusion (P = 653) between the unoper-
ated extremities preoperatively to postoperatively (P = .083).
A significant decline in the PI was noted in both the unoper-
ated and operated arms after the operation (P ≤ .001 for
both): a 30.4% decline in the unoperated arms (n = 80) and
a 6% further decline in the operated arms (n = 258), which
represents the loss of the RA flow to the hand. This further
decline in RA perfusion was not significant (P = .252).
Results of the color flow Doppler scanning demonstrated
that there was no significant difference between the baseline
preoperative diameters of either the RAs or UAs in 46 unop-
erated and operated arms (P = .173, Tables 2 and 3). There
was no significant preoperative to postoperative change in the
diameter of the 21 RAs in the unoperated extremities. Given
that the RA was harvested from the operated arms, this value
could not be assessed postoperatively. Measurement of the
distal UA diameter revealed no significant changes when
comparing preoperative to postoperative size in the unoper-
ated arms. However, there was a significant increase preoper-
atively to postoperatively in the 41 operated extremities
evaluated, from 3.87 to 4.66 mm (P = .001). This difference
was significantly increased compared with the UA’s diameter
in the unoperated arms (P = .001).
There was no statistical difference in the baseline preop-
erative RA flow velocities among the 47 unoperated arms.
There was no change in either the RA or UA velocities in
the unoperated arms preoperatively to postoperatively.
Corresponding to the significant increase in UA diameter,
UA velocity was found to significantly increase preopera-
tively to postoperatively in the 41 operated arms, from
38.96 to 48.46 cm/s (P < .001). This difference was not sig-
nificantly different when compared with the unoperated
extremities (P = .308).
Qualitative assessment of forearm and digital perfusion
revealed no evidence of ischemia. Two patients reported
TABLE 1. Perfusion index
Preoperative PI (n = 87) Postoperative PI (n = 115) P values PIR
Unoperated extremities (range) 1.25 ± 0.72 (0.08-3.7) 0.84 ± 0.46 (0.08-2.8) <.001 0.65 ± 0.29
Operated extremities (range) 1.23 ± 0.72 (0.14-1.3) 0.80 ± 0.46 (0.08-2.6) <.001 0.77 ± 0.23
P values .767 .252 .001
TABLE 2. Distal RA hemodynamics: Color flow and pulsed Doppler findings
Preoperative diameter, Postoperative diameter, Preoperative velocity, Postoperative velocity,
n = 46 (mm) n = 21 (mm) P value n = 47 (cm/s) n =47 (mm) P value
Unoperated arms (range) 4.29 ± 1.22 (2.0-8.6) 4.72 ± 1.2 (2.4-8.6) .185 37.58 ± 8.98 (14-61) 40.28 ± 11 .193
Operated arms 4.02 ± 0.96 (2.4-8.6) 36.66 ± 11.55
P values .173 .47
TABLE 3. Distal UA hemodynamics: Color flow and pulsed Doppler findings
Preoperative diameter, Postoperative diameter, Preoperative velocity, Postoperative velocity,
n = 46 (mm) n = 41 (mm) P values n = 41 (cm/s) n =41 (mm) P value
Unoperated arms 4.01 3.9 .616 38.39 41.78 .254
Operated arms 3.87 4.66 <.001 38.96 48.46 <.001
P values .939 .001 .727 .308
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mild sensitivity to extremely cold temperatures (approxi-
mately 0°F-20°F) during the winter; the sensitivity dimin-
ished by wearing warmer gloves. After RA harvest, there
was no loss of fine or gross motor function, nor did patients
have functional limitations. Ten patients reported transient
dysesthesias in operated extremities along the distribution
of the superficial branch of the radial nerve or the lateral
antebrachial cutaneous nerve, which are not vascular in
cause; all resolved spontaneously and completely without
further sequelae.
Discussion
Vascular supply to the forearm is provided by an anasto-
motic network, receiving contributing branches from the
UA, RA, and anterior and posterior interosseous arteries.
Patterns of dominant flow through the hand varies.
Hirai14,15 found that 26% of the population he studied had
radial dominant circulation, 24% were ulnar dominant, and
50% showed no dominant vessel, whereas Fuhrman and
colleagues16 found that 28% of his 88 patients were radial
dominant, 44% were ulnar dominant, 24% were indetermi-
nate dominant, and 4% demonstrated an interrupted arch.
Knowledge of the dominant vessel in one upper extremity
does not predict the dominance in the contralateral side.16-
18 A physiologically complete palmar arch system and
unobstructed flow through the UA are essential prerequi-
sites for RA harvest. The anatomy of the palmar arch sys-
tem need not be verified. The functionality of the collateral
network must be objectively and reproducibly assessed.
Preoperative assessment must be performed to verify the
presence of adequate collateral forearm circulation and to
identify individuals who would have inadequate perfusion
to the hand if deprived of RA blood flow.
There has been unsubstantiated trepidation in the har-
vesting of the RA for fear of ischemic sequelae in the hand,
sensitivity to cold temperature, or development of hand
claudication. In the current surgical era, the issue of arterial
insufficiency caused by a loss of radial blood flow has been
addressed in the context of RA cannulation and radial fore-
arm flaps.7-9,19 Analogous to physiologic compensatory
changes seen in other parts of the vascular system when
vascular occlusion occurs as a result of thrombi or stenosis,
the growth of the UA’s diameter and flow velocity can be
postulated to occur to compensate for the loss of the RA’s
contribution to the hand’s blood supply. A few studies eval-
uated the effect of RA harvest on digital and UA blood flow
preoperatively and postoperatively.1-3 These studies demon-
strate that compensatory changes in flow occur to maintain
adequate hand circulation in selected patients.
Our own study used photoelectric plethysmography, pro-
viding both SpO2 and a measure of digital blood flow. Pulse
oximetry determines the amount of hemoglobin SpO2 by
comparing the differences in light absorbed by oxygenated
and unoxygenated hemoglobin.20 The normal range for
SpO2 is 92% or greater. Pulse oximetry with an unmodified
pulse oximeter alone is not adequate to measure flow; that
is, the pulse oximeter simply measures the amount of oxy-
genated hemoglobin passing through its sensor.
Hemoglobin may remain saturated at flows consistent with
ischemia that are inadequate to support circulation to the
hand.19,21-23 In our study all mean values for SpO2 were
within physiologic parameters, and no clinical significance
corresponds to saturations of greater than 92%. Therefore,
the slight increase in SpO2 noted postoperatively was
merely a statistical observation. In 31 patients who had a
positive PIR test result preoperatively (demonstrating inad-
equate collateral circulation),24 an SpO2 of 92% or greater
during RA occlusion was maintained. Two patients had sat-
urations of less than 92% at baseline that did not further
drop during RA compression. Of interest, in these 31
patients 20 had normal Allen tests results, 7 patients had
positive Allen test results, and the test could not be per-
formed in 4 patients. The results of the Allen test had a
weak negative correlation that was not significant compared
with the PIR with the RA occluded (r = –0.2338, P = .241).
The modified pulse oximeter used in our study is capa-
ble of assessing digital flow by using the principle of pho-
toelectric plethysmography. PI correlates with digital blood
flow with venous occlusion plethysmography (r = 0.94).11
The PI is obtained by using a modified pulse oximeter; a
standard oximeter finger probe is applied over the nail bed.
PI is determined by the change in the path of infrared light
emitted from the sensor through the digit in both systole and
diastole; by measuring the varying intensity, the change in
the path length can be calculated. Greater blood flow into
the digit being scanned corresponds to a greater PI.11 In this
study postoperative PI measurements performed at rest
declined significantly in both the operated and unoperated
extremities. There was a 33% decline in the unoperated
extremities and an additional 6% decrease in operated arms,
which we believe represents the loss of the RA to the
thumb’s circulation. It must be noted that the PI, like oxime-
try, is subject to variation because of changes associated
with vasoconstriction induced by ambient temperature and
sympathetic tone reflecting changes in the physiologic
state.20,23,24 Venous congestion, as in cardiac failure, carbon
monoxide concentration (typical in cigarette smokers),
tachyarrhythmias, and anemia have also been shown to
influence these measurements.20 Therefore, the drop in the
absolute values noted by the baseline flows may represent
factors other than decline in digital perfusion. The further
drop in the operated to the unoperated extremities cannot be
fully explained by these factors except for the surgical
removal of the RA. The integrity of the PI as a determinant
of the UA’s contribution to digital blood flow is demon-
strated by lack of difference between the ratio obtained in
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the unoperated arms during RA occlusion before (PIR =
0.66) and after surgical intervention (PIR = 0.61, P = .139).
Ultrasound Doppler studies can not only provide mea-
sures of vessel diameter and blood flow velocity but can also
determine the patency of the RA–palmar artery–UA circuit
during contralateral vessel occlusion.1-3,25-29 The Doppler
studies performed as part of this study were used to quantify
the short-term effects of the loss of the RA on the contralat-
eral vessel diameter and in flow to the hand and not to deter-
mine the patency of the collateral circuit. In our study, color
flow Doppler scanning revealed an 11% increase in UA
diameter, preoperatively to postoperatively, in the arms from
which the RA was harvested. UA blood flow velocity, as
measured with pulsed Doppler scanning, increased by about
20% postoperatively. Our findings are consistent with those
of Mulvany and associates30 and Pola and colleagues,1 who
found that increasing flow appears to be a powerful stimulus
to growth, resulting in an increased lumen.
This noninvasive study prospectively examined the fore-
arm and digital circulation in 386 upper extremities in
patients who underwent coronary artery bypass grafting with
RA conduits. A significant increase in UA diameter and
blood flow velocity 8 weeks after RA harvest was noted.
Thumbnail SpO2 remained within physiologic parameters
with a slight, nonstatistically significant decline in the PI of
the thumb of the arms in which the RA was harvested com-
pared with the arms in which the RA has not been harvested.
Clinically, blood flow remains adequate to meet the physio-
logic demands of the upper extremity without causing hand
ischemia or functional limitations. The infrequently noted
(3.7% of the operated forearms) transient dysethesias are not
vascular in origin because they occurred in the distribution
of the lateral antebrachial cutaneous nerve or the superficial
branch of the radial nerve, both of which are vulnerable dur-
ing harvest. Thus, the compensatory mechanisms available
to maintain blood flow and perfusion appear adequate in the
short term after RA harvest in properly selected patients to
sustain arterial inflow to the hand without clinical functional
limitations in those extremities deemed to have forearm and
hand collateral circulation by preoperative assessment with
photoelectric plethysmography.
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